The environmental problems stem from the activities concerned with agriculture, manufacturing, extraction, transportation, housing, energy, and services --all driven by the demand of consumers, commercial entities, and government. But in addition, there are effects of these activities on the amount, security, and skill of employment, the nature and conditions of work, and purchasing power associated with wages. An increasing concern is economic inequity stemming from inadequate and unequal purchasing power within and between nations -and for the workers and citizens of the future.
Introduction
Scholars and professionals committed to fostering sustainable development have urged a reexamination of the curriculum and the restructuring of research in engineering-focused institutions of higher learning. The focus is on engineering, more than on the natural and physical sciences or on social science, because the activities that drive the industrial state -the activities that implement scientific advance -are generally rooted in engineering. Moreover, engineers are known as 'problem solvers' and if economies are becoming unsustainable because of engineering, it is natural to ask whether engineering as an activity and as a profession can be re-directed toward achieving sustainable transformations. Of course, engineering can not do it alone; scientific as well as social and legal changes must occur as well. This paper addresses the challenges ahead, if this optimistic vision is to be more than wishful thinking.
Following a treatment of the philosophical and intellectual foundations of technological, organizational, social, and pedagogical innovation necessary for sustainable transformations of existing institutions and mindsets, this paper ends by addressing the following themes and questions: (1) How can multiand trans-disciplinary research and teaching coexist in a meaningful way in today's university structures? (2) Does education relevant to sustainable development require its own protected incubating environment to survive, or will it otherwise be gobbled up and marginalized by attempting to instill it throughout the traditional curriculum and traditional disciplines? (3) How can difficulties in linking the needed teaching and research be overcome? (4) Even if there exist technical options to do so, how can it be made safe for courageous students to take educational paths different from traditional tracks? (5) What can we learn from comparative analysis of universities in different nations and environments? and (6) What roles can national and EU governments have in accelerating the needed changes?
The Unsustainable Industrial State
Those that argue that the industrialized state -whether developed or developing -is currently unsustainable emphasize a number of problems. These are depicted schematically in the figure on the next page. The 'environmental problems' include toxic pollution, climate change, resource depletion, and problems related to the loss of biodiversity and ecosystem integrity. The environmental burdens are felt unequally within nations, between nations, and between generations, giving rise to inter-national, intra-national, and intergenerational equity concerns that are often expressed as 'environmental injustice'. The Brundtland formulation of sustainability seems to focus concern on intergenerational equity, but all three kinds of mal-distributions are important. base leading to myopic understanding of fundamental problems and the resulting fashioning of singlepurpose or narrowly-fashioned solutions by technical and political decision-makers, (2) the inequality of access to economic and political power, (3) the tendency towards 'gerontocracy' -governance of industrial systems by old ideas, (4) the failure of markets both to correctly price the adverse consequences of industrial activity and (5) to deal sensibly with effects which span long time horizons for which pricing and markets are inherently incapable of solving. It is to the first failure that this essay is directed.
Conceptualizations of Sustainable Development
It makes quite a difference whether you look at sustainable development as just an environmental issue, or alternatively as a multidimensional challenge in the three dimensions: economic, environmental, and social. We argue that competitiveness, environment, and employment are the operationally-important dimensions of sustainability -and these three dimensions together drive sustainable development along different pathways and go to different places than environmentallydriven concerns alone, which may otherwise require tradeoffs, for example, between environmental improvements and jobs. The inter-relatedness of competitiveness, environment, and employment is depicted in the next figure. A sustainable development agenda is, almost by definition, one of systems change. This is not to be confused with an environmental policy agenda, which is -or should be -explicitly effect-based, and derived from that, a program of policies and legislation directed towards environmental improvements, relying on specific goals and conditions. The sustainable development policy agenda focuses at least on processes (e.g., related to manufacturing, transport, energy, construction, etc.), and may extend to more cross cutting technological and social systems changes. Note that current strategy agendas, even those that go beyond environmental goals, are defined as those that are focused on those policies that (1) improve profit and market share by improving performance in current technologies or cutting costs, (2) controlling pollution/making simple substitutions and changes, and conserving energy and resources, and (3) ensuring an adequate supply of appropriately skilled labour, and safe and healthy workplaces. We would describe these strategies as 'reactive' vis-à-vis technological change, rather than proactive. They are usually pursued separately and by different sets of government ministries and private-sector stakeholders. At best, policies affecting competitiveness, environment, and employment are coordinated, but not integrated.
AGENDA
In contrast, sustainable agendas are those policies that are focused on technological changes that alter the ways goods and services are provided, the prevention of pollution and the decreased use of energy and resources through more far-reaching system changes, and the development of novel socio-technical systems --involving both technological and organizational elements --that enhance the many dimensions of 'meaningful employment' through the integration, rather than coordination, of policy design and implementation.
The kind of innovation likely to be managed successfully by industrial corporations is relevant to the differences between current and sustainable technology agendas. We argue that the needed major product, process, and system transformations may be beyond those that the dominant industries and firms are capable of developing easily, at least by themselves. Further, industry and other sectors may not have the intellectual capacity and trained human resources to do what is necessary.
This argument is centered on the idea of 'the winds of creative destruction' developed by Joseph Schumpeter 1 in explaining technological advance. The distinction between incremental and radical innovations -be they technological, organizational, institutional, or social -is not simply line drawing along points on a continuum. Incremental innovation generally involves continuous improvements, while radical innovations are discontinuous 2 possibly involving displacement of dominant firms, institutions, and ideas, rather than evolutionary transformations. In semantic contrast, Christensen 3 distinguishes continuous improvements as 'sustaining innovation' and uses the term 'disrupting innovation' rather than radical innovation, arguing that both sustaining and disrupting innovations can be either incremental or radical, where the term 'radical' is reserved for the rapid or significant performance changes within a particular technological trajectory.
Thus, in Christensen's terminology, radical sustaining innovation is a major change in technology along the lines that technology has been changing historically, for example a much more efficient air pollution scrubber --and is often pioneered by incumbent firms. Major innovation that represents an entirely new approach, even if it synthesizes previously invented artifacts, is termed 'disrupting;' and in product markets, it almost always is developed by firms not in the prior markets or business. This is consistent with the important role of 'outsiders' -both to existing firms and as new competitors --in bringing forth new concepts and ideas 4 .
Counting only or mainly on existing industries, or on traditionally-trained technical expertise, for a sustainable transformation ignores increasing evidence that it is not just willingness and opportunity/motivation that is required for needed change, but that a third crucial condition --the ability or capacity of firms and people to change --is essential.
5 In some situations they may do so because society or market demand sends a strong signal, but not in all or even in most of the cases.
We argue here that the same holds true for government and societal institutions faced by the triple challenge emanating from new demands in the areas of competitiveness, environment and employment. Intelligent government policy is an essential part of encouraging appropriate responses of the system under challenge, and of assisting in educational transformations as well. An essential concept in fostering innovative technical responses is that of 'design space.' As originally introduced by Tom Allen et al. of MIT, design space is a cognitive concept that refers to the dimensions along which the designers of technical systems concern themselves 6 . Especially in industrial organizations that limit themselves to current or traditional strategies or agendas, there is a one-sided utilization of the available design space. Solutions to design problems are only sought along traditional engineering lines. In many cases unconventional solutions -which may or may not be hi-tech --are ignored. For that reason radical, disrupting innovations are often produced by industry mavericks, or as a result of some disruptive outside influence (such as significantly new or more stringent environmental regulation and foreign competition, or influence of an outsider to the organization).
What has all this to do with engineering education? For an answer, we need to delve into the disciplinary focus of research and education.
Inter-, Multi-and Trans-disciplinary Research and Education
Appreciating the distinctions between these three terms is essential to understanding why wellmeaning efforts at solving complex problems by assembling professionals from different disciplines or expanding a traditional education in a particular direction often leads to disappointing results.
Inter-disciplinary research (and teaching) -literally 'between disciplines' --often precedes the creation of a new well-defined field. Thus, biochemistry begins with a focus of traditional chemistry principles and knowledge applied to biological systems; it adapts and grows; and the intellectual boundaries are refocused and redrawn. Finally, biochemistry becomes a field unto its own, different, but not necessarily broader or narrower than the parent disciplines that spawned it.
Multi-disciplinary research (and teaching) -literally 'several or many disciplines' -brings together several disciplinary focuses, and thus deals with more than one traditional concern. For example, costing out different energy options necessarily involves knowledge of both energy technology and economics. Multi-disciplinary research and teaching can be carried out by multi-disciplinary teams or by one individual who has been trained in more than one discipline.
Trans-disciplinary research (and teaching) -literally 'across disciplines' -transcends the narrow focus of one or more disciplines and is not constrained to adopt pre-existing models for problem definition or solution. Boundaries might necessarily have to be drawn as a practical matter, but they are not dictated by limitations of the analyst or designer. Where broad system changes are desirable, transdisciplinary approaches are essential. Trans-disciplinary approaches really 'open up the problem space of the engineer'. By their nature, trans-disciplinary approaches synthesize and integrate concepts whose origins are found in different disciplines, and system innovation requires synthesis.
Addressing the many facets of sustainability requires an extremely broad list of possible enquiries related to policy analysis and design. In the annex to this paper is the author's trans-disciplinary approach to addressing a 'technology and policy' problem' that contemplates system changes.
The Dimensions of Policy Analysis and Design
On the next page is found a conceptualization of the many activities that constitute policy analysis and design. They are used in both multi-disciplinary and transdisciplinary policy research, but in different ways. There are both 'policy sciences' and 'policy engineering'. The policy sciences are grounded in the disciplines of science and mathematics and include both inter-disciplinary studies, such as biostatistics -and multidisciplinary studies, such as life-cycle analysis or cost-benefit analysis. Policy engineering focuses on changing, rather than merely assessing science and technology, e.g., the design of environmentally sound materials, which requires knowledge of physical properties, toxicity, economics, and industrial processes. Policy engineering makes use of the policy sciences, but design and assessment are different endeavors. For one thing, 'art,' as well as knowledge, is involved in both defining what needs to be changed and how it is to be changed. If the policy engineer is narrowly focused, he/she may come up with a single purpose design with unanticipated problems down the road. For example, in an effort to design energy-efficient buildings during the various energy crises, buildings were constructed that created serious indoor air quality problems.
Multi-disciplinary approaches may borrow many tools from the policy sciences, but full conceptual integration and cooptimization of sustainability goals are usually not achieved. These approaches, though well-motivated, give the appearance of inclusiveness in analysis and design options, but they fail to identify multiple win options necessary for sustainable industrial transformations. This author regards undue reliance on, and satisfaction with, multidisciplinary approaches to be a serious impediment to more transdisciplinary creative problem solving 7 . Note especially, that under policy engineering, policies necessarily include creating both the appropriate technology and market-based economic incentives for persons and institutions to change, and appropriate legal approaches and instruments. Knowledge of both market economics and the law are necessary for comprehensive policy design. Many policy programs do not give adequate attention to use of legal instruments, and multidisciplinary teams addressing technology policy problems rarely include persons knowledgeable in legal policy analysis and design 8 .
Note also, the value-laden assumptions in policy assessment (such as cost-benefit analysis) and policy design. A trans-disciplinary approach necessarily requires valuation, as well as evaluation, of outcomes and alternatives. Thus, the distributional consequences of a policy are critical to include. Effects of a policy on competitiveness, environment, and employment -and the distributions of costs and benefits -all must be considered. Is traditional engineering education transformable to meet this challenge?
Returning to the Questions

How can multi-and trans-disciplinary research and teaching coexist in a meaningful way in today's university structures?
Most faculty are neither multi-disciplinary, nor trans-disciplinary. The creation of separate divisions or departments within a university to house, tenure, and promote multi-disciplinary faculty may succeed, especially if there is a two-key system -i.e., they hold joint appointments in traditional departments. However, trans-disciplinary faculty are unlikely to receive initial or final approval from the traditional departments, and these separate entities may not hire them. (An engineer that works on less-polluting car may be welcome, but a person who used to be an engineer and is now working on policies to change consumer demand for energy may not be so well-received by traditionally-focused engineering faculty.) A two-key system may not be conducive to attracting or retaining trans-disciplinary faculty. Traditional departments want their faculty to do what the others do, at least some of the time. And what about teaching? If the separate division or department is degree-granting, trans-disciplinary teaching might survive, but other things are necessary.
Does education relevant to sustainable development require its own protected incubating environment to survive, or will it otherwise be gobbled up and marginalized by attempting to instill it throughout the traditional curriculum and traditional disciplines?
Given that much needed research for sustainable development needs to focus on larger system changes, and the fact that government and industrial support, is likely to be traditional - -or at most multidisciplinary --the needed research for sustainability needs to be incubated and protected, and with a long-term focus. Instilling sustainability concepts into traditional areas may be useful, but more is required.
DIMENSIONS OF POLICY ANALYSIS AND DESIGN
How can difficulties in linking the needed teaching and research be overcome?
Teaching and research must be mutually-reinforcing. Without funding to support both in a coordinated way, both activities will falter. Because much transdisciplinary research is not well-identified to national government funding agencies, discretionary money should be set aside from general university funds to ensure that both will receive adequate support. Fortunately, the EU does increasingly fund this research and encourage inter-institutional consortia to cross-fertilize scholars doing emerging transdisciplinary research. Within the university system, a separate pathway for funding both research and teaching needs to be linked without tying it to the traditional departmental structure.
Even if there exist technical options to do so, how can it be made safe for courageous students to take educational paths different from traditional tracks?
This is a major problem, especially if the majority of faculty are traditional and unsympathetic to even multi-disciplinary work. It is no secret that faculty like to create 'vestpocket editions' of themselves. The insecurity of future employment also makes this a highrisk venture for them.
What can we learn from comparative analysis of universities in different nations and environments?
Certainly, successes and failures from other institutions and countries would be instructive in the design of both research and teaching arrangements.
What roles can national and EU governments have in accelerating the needed changes?
The establishment of government programs -both national and in Europe at the EU level --for sustainability research where the evaluators/'peer reviewers' of the research proposals are themselves trans-disciplinary is essential. Otherwise, innovative, cross-cutting research will not be encouraged or funded. In addition, government should commit to hiring early graduates of the programs -and providing incentives to the private sector to hire graduates of multi-and trans-disciplinary programs. There is a need for government to 'make a market' to lead this educational innovation.
Conclusion
The increasing universal concern for advancing more sustainable development presents considerable challenges to both education and research. The established disciplines continue to provide some useful advances, but the portfolio of needed approaches is under-represented in multi-disciplinary and trans-disciplinary scholarship and pedagogy. Trans-disciplinary thinking is often confused with multi-disciplinary thinking, and significant institutional and intellectual barriers for the emergence of integrated systems thinking --in government, firms, and educational institutions alike --remain major problems in both research and education. Beyond lip-service, without clear, vocal, and strong continuous leadership and rewards for a 'second track' of problem solving in these institutions, progress will continue to be slow.
